Selective modification/degradation of the main plant polymers (cellulose, hemicelluloses and lignin) was investigated in a hardwood after white and brown-rot fungal decay under environmental conditions. The chemical changes produced in the plant cell wall were analysed in situ, by nuclear magnetic resonance (NMR) at the gel state, and analytical pyrolysis. Twodimensional (2D) NMR of the white-rotted wood showed only cellulose and (deacetylated) hemicellulose, and the complete removal of lignin. On the other hand, the brown-rotted wood showed the nearly complete absence of polysaccharides, while the main features of lignin structure, as revealed by 2D-NMR, could be observed. These included well-resolved aromatic and side-chain cross-signals, although the intensity of the latter signals was lowered indicating a reduction in the number of side-chain linkages (b-O-4Ј and b-bЈ) per aromatic unit (their relative abundances remaining unchanged). These results contrast with a recent study concluding that the aromatic polymer after brown-rot decay is not longer recognized as lignin. Some oxidative alteration of lignin during brown-rot decay was evidenced and, more interesting, several compounds with 3-methoxycatechol skeleton were released upon pyrolysis. Lignin demethylation is consistent with recent brown-rot transcriptomic/ secretomic studies showing overexpression of methanol oxidase, which could use lignin-derived methanol to generate the peroxide required for cellulose depolymerization via Fenton chemistry.
Introduction
The major constituents of wood are cellulose, hemicelluloses and lignin (Higuchi, 1997) . The latter is a recalcitrant aromatic polymer, which protects the plant structural polysaccharides against microbial attack, and also plays other roles in wood tissues (Gellerstedt and Henriksson, 2008) . Wood-rotting fungi play a central ecological role in forest ecosystems enabling the cycling of the carbon fixed by plant photosynthesis, since other microorganisms are not able to remove or circumvent the lignin barrier (Martínez et al., 2005) . In a similar way, the access to plant polysaccharides represents a central issue for the industrial use of plant biomass (e.g. in paper pulp manufacture or bioethanol production).
White-rot fungi are the only organisms being able to degrade (mineralize) lignin in wood, thus opening up the plant cell wall. The white-rotted wood often presents a whitish colour, hence the name 'white-rot fungi'. In most cases, lignin removal by white-rot fungi parallels some degradation of polysaccharides, mainly hemicelluloses, in the so-called simultaneous degradation pattern (Otjen and Blanchette, 1986) . However, a few white-rot species are able to remove lignin without causing a significant loss of polysaccharides, in a selective degradation pattern that has the highest biotechnological interest. On the other hand, brown-rot fungi have developed a different decay strategy being able to degrade most of the cellulose and hemicelluloses leaving the lignin polymer. The brownrotted wood becomes therefore enriched in lignin and presents a dark reddish-brown to golden colour, and thus its name.
Due to the above characteristics, both white-rot (Watanabe, 2007) and brown-rot basidiomycetes (Schilling et al., 2009 ) are attracting considerable attention as models for two different strategies of wood attack. These biotechnological models are of interest in lignocellulose biorefineries, for the sustainable production of chemicals, materials and fuels from renewable plant resources (Ragauskas et al., 2006) . Interestingly, the model whiterot fungus Phanerochaete chrysosporium was the first basidiomycete whose genome was sequenced (Martínez et al., 2004) , and the Postia placenta genome has been recently sequenced as a model brown-rot fungus (Martínez et al., 2009a) . The mechanism of lignin removal by white-rot basidiomycetes has been extensively investigated during last years, mainly with the aim of developing biotechnological applications for the pulp and paper industry (Martínez et al., 2009b) . It has been found to be constituted by unique high redox-potential peroxidases and H2O2-generating oxidases, among other enzymes (Ruiz-Dueñas and Martínez, 2009) . In contrast, the mechanism of wood attack by brown-rot fungi is more poorly understood. In particular, the way used by these fungi to circumvent the lignin barrier, and be able to degrade cellulose is still under investigation (Baldrian and Valaskova, 2008) . Such a mechanism is of biotechnological interest when simple sugars are to be obtained from wood, e.g. for fermentation and production of ethanol or other chemical compounds.
Elucidating the mechanisms of biological degradation or modification of lignin is a difficult task due to its complex macromolecular structure (a branched polymer including different units and inter-unit bonds) and intimate association to cell-wall polysaccharides (Gellerstedt and Henriksson, 2008) . For many years, simple model compounds were used to establish the main reactions caused by lignin-modifying organisms (Kishimoto, 2009 ). However, some modern analytical techniques, such as twodimensional (2D) or three-dimensional (3D) nuclear magnetic resonance (NMR), provided new tools for the analysis of complex macromolecules, like lignin. In fact, several new lignin substructures were for the first time detected using 2D-NMR (Karhunen et al., 1995; Zhang et al., 2006) . Moreover, studies with ionic liquids and other strong solvents have recently shown the possibility to analyse plant polymers in situ (Lu and Ralph, 2003; Kilpelainen et al., 2007; Yelle et al., 2008a) , overcoming the isolation problem that, in the case of lignin, always results in low recovery and chemical modifications (Fujimoto et al., 2005) .
In the present work, previously characterized samples of Eucryphia cordifolia wood extensively degraded by the white-rot fungus Ganoderma australe and by an unidentified brown-rot basidiomycete under environmental conditions in the Austral rainforest were analysed using modern techniques. For the NMR analyses, the chemical modifications were analysed in situ by heteronuclear single quantum (HSQC) experiments on the whole wood sample using a method that consists in swelling finely ground samples in deuterated dimethylsulfoxide and forming a gel in the NMR tube (Kim et al., 2008; Rencoret et al., 2009) . Pyrolysis coupled to gas chromatography/mass spectrometry (Py-GC/MS) is a convenient tool for the rapid analysis of lignin, and has been already used to characterize different patterns of wood decay by fungi (del Río et al., 2001; . In this work, pyrolysis of the whole wood was performed both in the absence and in the presence of tetrabutylammonium hydroxide (Py/TBAH). The latter results in alkaline degradation (thermochemolysis) and simultaneous butylation (of acid and phenolic groups) facilitating products analysis by GC/MS (del Río et al., 1996) .
The aim of the study is to provide new information on the wood-rotting processes by the use of the above analytical techniques, with special emphasis of the fungal alterations of the recalcitrant lignin polymer. Although 2D-NMR of wood gels after in vitro brown-rot fungal decay has been reported (Yelle et al., 2008b) , this is the first time that this analytical approach is applied on wood decayed under environmental conditions in the field. The present study also tries to clarified some discrepancies with the generally accepted wood-rot patterns, raised during the in vitro study mentioned above, which claimed that the aromatic polymer remaining after brown rot cannot be longer recognized as lignin. Finally, the changes observed in the composition and structure of the decayed wood polymers are discussed taking into account the biochemical information available, as well as the data provided by recent genomic, transcriptomic and secretomic studies on woodrotting basidiomycetes.
Results and discussion

General characteristics of the rotted wood samples
White-and brown-rot decay of E. cordifolia wood were revealed by the characteristic visual aspect of wood (see Fig. S1a and b), together with microscopic examination ( Fig. S1c and d) , and chemical analyses. The latter revealed a selective removal of lignin (94% of the initial amount) and conservation of cellulose (only 24% of the total glucose, including hemicellulose glucans, was removed) by the white-rot fungus; in contrast with the selective removal of cellulose (92% of the initial glucan) and conservation of lignin (only 1% of its initial amount was removed) after the brown-rot decay (xylan was largely removed, 96-99%, in both cases). Interestingly, the weight losses caused by the two fungi on the E. cordifolia wood (estimated from the decrease of its bulk density) were very similar (61-62%) facilitating the present comparison of the two decay patterns. Table 1 for signal assignment.
Divergent white-and brown-rot patterns as shown by wood NMR at the gel state
obtained at the gel stage in DMSO-d6 (Kim et al., 2008; Rencoret et al., 2009) . The main lignin substructures identified are also shown. The different lignin and polysaccharide cross-signals assigned on the spectra are listed in Table 1 . Important differences were observed in the spectra of the fungally degraded woods compared with the sound wood. The spectrum of sound wood (Fig. 1a) showed signals of both lignin and polysaccharide moieties, including cellulose and hemicelluloses. However, the spectra of the white-rotted wood (Fig. 1b) showed the presence of only polysaccharide moieties and the absence of lignin moieties. A complete assignment of all the polysaccharide cross-signals was not possible because of overlapping of the different signals of cellulose and hemicellulose units. The E. cordifolia hemicelluloses included xylose (11%) and lower amounts of uronic acids (5%), mannose (3%) and arabinose (2%). However, several polysaccharide cross-signals could be identified in the spectrum of the sound and white-rotted woods shown in Fig. 1a and b. In addition to lignin removal, the NMR spectrum of the whiterotted wood also indicated the simultaneous disappearance of mannans (M 1 and M′2), uronic acids (U1 and U4) and a reduction of the xylan content with the complete disappearance of its (C2 and/or C3) acetylated units (X′1, X′2 and X′3 cross-signals), which were present in the spectrum of the sound wood. The above results indicate a parallel removal of the lignin and hemicelluloses by G. australe in such a way that the final material was enriched in cellulose and deacetylated hemicellulose. Note that cellulose is underestimated in the gel spectra because its crystalline moiety is 'silent' under solution NMR conditions, as revealed by comparison with solid-state 13 C NMR spectra . These data confirmed that this fungus is a very potent and selective lignin degrader, which is able to decompose the entire lignin present in the E. cordifolia wood, as reported in previous studies .
The HSQC spectrum of the brown-rotted wood (Fig. 1c ) showed a totally divergent degradation pattern, character- 
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ized by the absence of practically all the polysaccharide moieties, while only the lignin polymer was present. The obtained data indicated that this polymer was not drastically modified by the brown-rot fungus, all the typical cross-signals of lignin remaining visible. This included well-resolved signals of b-O-4′ (A) and b-b′ (resinol-type, B) side-chain linkages together with strong aromatic signals of syringyl (S) and guaiacyl (G) lignin units, whose relative intensities are apparently not strongly affected. To verify this point, the relative abundance of the main interunit linkages (given as per aromatic units, and as percentage of total side-chains involved) were calculated from the HSQC spectra (Table 2 ). These data indicated that brownrot decay only slightly increased the relative abundances of the b-O-4′ substructures (from 84% to 86% of total side-chains) but did not modify that of the b-b′ substructures (12% of total side-chains). Minor spirodienones (D) found in sound wood (2% of side-chains) were not detected after the brown-rot decay.
On the other hand, a small increase of oxygenated moieties in the brown-rotted wood was evidenced in the HSQC spectrum by the small signal corresponding to aliphatic H2,6 correlation signal in Ca-oxidized S units (S′) also showed comparatively higher intensity. An estimation of 12% oxidized S units in the sound wood, and 20% in the brown-rotted wood was obtained. The existence of carbonyl and carboxyl groups in brown-rotted wood has been also shown by solid-state 13 C NMR and other techniques Sun et al., 2009; Koenig et al., 2010) . This indicates that some oxidative alterations in the lignin structure occurred during brown-rot decay, in agreement with the pyrolysis results described below. Moreover, two new aromatic crosssignals (MC and MC′) were found in the spectrum of the brown-rotted wood (Fig. 1c) . The same signals have been reported in HSQC spectra of brown-rotted oak wood, obtained using high-resolution magic-angle spinning (HRMAS) NMR (Koenig et al., 2010) . We assigned these two signals to aromatic structures derived from the demethylation/demethoxylation of S units (yielding 5-hydroxyguaiacyl units that can form new 5-O-aryl ether bonds), a modification reaction that was further confirmed by pyrolysis (yielding 3-methoxycatechols). However, more studies are necessary for the unambiguous assignment of the two new signals. In addition to the presence of these new aromatic units, which represented 14% of lignin units (Table 3) , and the absence of p-hydroxyphenyl (H) units, the spectrum of the brown-rotted wood also showed a small increase of the S/G ratio (from 3.2 in sound wood to 4.2 after brown-rot decay).
Side-chain linkages and methoxyl removal in brown-rot decay
The relative abundances of the main lignin linkages remained largely unchanged after brown-rot decay, as shown in the previous section. However, a comparison of the lignin side-chain (involved in b-O-4′, b-b′ and other linkages) and methoxyl cross-signals on an aromatic unit basis indicates around 45% depletion of the above linkages and near 20% depletion of methoxyls. This agrees with the Yelle and colleagues (2008b) hypothesis suggesting that lignin attack by hydroxyl-free radical, the main wood decay agent in brown rot (Suzuki et al., 2006; Martínez et al., 2009a) , should result in simultaneous breakdown of both methoxyl groups and inter-unit ether linkages. Taking into account the decrease of methoxyl groups, the depletion of side-chain linkages in E. cordifolia lignin, on a methoxyl basis, amounts to only 30%. This observation contrasts with Yelle and colleagues (2008b) who reported a depletion of more than 70% of the lignin side-chain linkages (on a methoxyl basis) in white spruce (Picea glauca) wood degraded in vitro with the brown-rot fungus Gloeophyllum trabeum. In fact, some of the lignin side-chain signals that are clearly visible in the HSQC spectrum of the brown-rotted E. cordifolia wood (Fig. 1c) were hardly detectable in the HSQC spectrum of the G. trabeum rotted P. glauca wood. Therefore, these authors concluded that extensive ligninolysis (i.e. degradation of lignin inter-unit linkages) was produced by brown-rot fungi yielding a material that is not longer recognized as lignin. This contrasts with the typical lignin spectrum reported here (Fig. 1c) , as well as with the recently reported HRMAS analysis of naturally brown-rotted oak wood (Koenig et al., 2010) . Moreover, no signals assigned to new (aryl-aryl or side-chain) linkages, which may be formed to replace the > 70% degraded side-chain linkages in lignin, were detected in the HSQC spectrum of the in vitro degraded wood (Yelle et al., 2008b ). In contrast, the two new aromatic signals (MC and MC′) found in the HSQC spectrum of the E. cordifolia wood after natural brown-rot decay could include correlations of new aryl-O-aryl ether linkages formed after demethylation/ demethoxylation of S units (as discussed in the next section). The atypical decay pattern described by Yelle and colleagues (2008b) cannot be due to a more extensive decay, since the weight losses were similar to those found on E. cordifolia wood (62-64%). Interestingly, the typical lignin spectra reported by Koenig and colleagues (2010) for brown-rotted oak by Laetiporus sulphureus were also obtained from naturally decayed wood. This suggest that differences between laboratory and field conditions, the latter resulting in more selective brown-rot removal of polysaccharides (as shown by NMR) could explain the above discrepancies, more than the type of wood or the fungal species. A similar situation was produced when the authors failed to reproduce the selective white-rot decay pattern by G. australe under laboratory conditions, using Austral (E. cordifolia) and European (Fagus sylvatica) woods (Barrasa et al., 1992; Bechtold et al., 1993) .
Confirmation of lignin demethylation in brown-rot decay: Py-GC/MS and Py/TBAH analyses
To obtain more detailed insight into the chemical modifications of the lignin structure during fungal decay, the sound and rotted wood samples were subjected to Py-GC/MS. The white-rotted wood (pyrogram not shown) released only polysaccharide-derived compounds with only traces of lignin-derived phenols being present, in agreement with previous studies (Mulder et al., 1991) . Figure 2 shows the pyrogram of the brown-rotted wood that was dominated by peaks of phenolic compounds derived from the lignin moiety, confirming the large extent of removal of polysaccharides shown by NMR, while that of the sound wood showed compounds arising from both the polysaccharide and lignin moieties. The complete series of Py-GC/MS compounds identified in the sound and brown-rotted woods are included in Fig. S2 and Table S1 . In both samples, S-and G-type phenols were released, with a predominance of the former and similar distribution pattern, together with minor H-type phenols. Simultaneously, a small increase in the abundances of syringic acid (peak 48) and other phenolic acids was observed confirming that some oxidative alteration of lignin side-chains occurred during brown-rot decay, as shown also by NMR. More interesting, high abundances of 5-hydroxyguaiacyl type compounds were released upon Py-GC/MS of the brown-rotted wood, as shown in Fig. 2 that includes the chemical structure of the main one (3-methoxycatechol, peak 10) together with that of its counterpart in unmodified lignin (syringol, peak 15). The other 3-methoxycatechol type compounds include the 5-methyl derivative (peak 16), followed by its 5-vinyl, 5-ethyl and 5-propenyl derivatives. These compounds can directly derive from demethylated (i.e. 5-hydroxy) S moieties, as reported for archaeological wood (van Bergen et al., 2000; Lucejko et al., 2009) . However similar compounds will also be obtained if, after initial demethylation, pyrolysis-labile aryl-O-aryl ether linkages are formed, as suggested above (see MC and MC′ units in Fig. 1) , as a result of the phenoloxidase activity of brown-rot fungi (Martínez et al., 2009a) .
Lignin demethylation during brown-rot decay was also investigated by Py/TBAH (del Río et al., 1996) . Pyrolysis in the presence of the classical alkylating agent, tetramethylammonium hydroxide (TMAH), has been used to analyse fungal rotted woods (del Río et al., 1998; Filley et al., 2002) . However, the butyl ethers of the hydroxyl groups (formed after breakdown of alkyl-O-aryl ether linkages by Py/TBAH or pre-existing in lignin) are more easily identified than the methyl ethers formed by Py/TMAH. The Py/TBAH chromatogram of the brownrotted wood is shown in Fig. 3 , including the chemical structures of the main demethylation product discussed below (peak MC12) and its counterpart in unmodified lignin (peak S12). The chromatogram of the sound wood, the chemical structures of all the released compounds and their relative molar areas are provided in Figs S3 and S4 and Table S2 respectively. Py/TBAH of sound and brown-rotted woods released predominantly the butylated derivatives of G-and S-type compounds, together with minor amounts of H-type derivatives. However, the butyl derivatives of 3-methoxycatecholtype (MC) compounds, derived from demethylated lignin S units, were also released from the brown-rotted wood in important amounts. Among them, 3,4-dibutoxy-5-methoxybenzoic acid butyl ester (peak MC12) was the main demethylation product as mentioned above, followed by 3,4-dibutoxy-5-methoxybenzaldehyde (peak MC4), two 3,4-dibutoxy-5-methoxyphenylpropanones (peaks MC8 and MC10) and 1,2-dibutoxy-3-methoxybenzene (peak MC1).
The ratio between the different types of aromatic compounds deriving from the typical H, G and S lignin units, as well as from the MC-type units discussed above, are shown in Table 3 after both Py-GC/MS and Py/TBAH analyses of the brown-rotted and the sound wood. These data agree with those obtained from 2D-NMR, also included in Table 3 , although the minor H units are probably below the detection level of 2D-NMR. Py-GC/MS showed some demethylation products in the sound wood (that could be formed during thermal depolymerization since they were not detected after alkaline depolymerization in Py/TBAH nor in the NMR spectrum). However, they are much less abundant than in the brown-rotted wood. Interestingly, a preferential demethylation of the S units was observed after the different analyses, with values that ranged 8-18% depending of the estimation procedure. Methoxycatechol had been previously detected after Py-GC/MS of both sound and brown-rotted E. cordifolia wood (Mulder et al., 1991) , but no information was provided on its increase during wood decay. However, the increased occurrence of 3-methoxycatechol type Py-GC/MS compounds, and the detection of similar diagnostic compounds after Py/TBAH (being absent from the sound wood) clearly indicates that some demethylation of lignin occurred during brown-rot decay, in agreement with the classical work of Kirk (1975) and other studies (Filley et al., 2002) including radiolabelling demonstration (Niemenmaa et al., 2008) . As mentioned above, lignin demethylation would result in new phenolic units that could experiment new oxidation reactions during fungal attack resulting in new aryl-O-aryl ether linkages by radical coupling. It is interesting that Klason lignin estimation in the sound and brown-rotted E. cordifolia wood (62% weight loss) revealed no significant lignin degradation (only~1% of the initial lignin) indicating that the changes revealed by the 2D-NMR and pyrolysis analyses discussed above are due to fungal reworking (modification) of the polymer (including the new aryl-O-aryl ether linkages) more than to complete degradation of some lignin moieties.
Wood rotting in the light of new genomic/transcriptomic information
The recent sequencing of the first brown-rot fungal genome (Martínez et al., 2009a) about how this decay process takes place, although differences between brown-rot fungi probably exist (as revealed by P. placenta and G. trabeum genome and EST information currently available in GenBank). In this context, the above discussed lignin demethylation could play a central role since it releases methanol, and the secretomic and transcriptomic studies associated to the brown-rot genome have shown that methanol oxidase genes are overexpressed when the fungus degrades cellulose.
In the light of the information currently available, it is therefore possible to infer that brown-rot fungi most probably produces H 2O2 using methanol as the reducing substrate of methanol oxidase, an enzyme that has been investigated by Daniel and colleagues (2007) in relation to brown rot. Then, H2O2 would be reduced to hydroxyl radical by ferrous iron formed in hydroquinone redoxcycling (Suzuki et al., 2006) or by other enzymatic mechanisms. The hydroxyl-free radical would be the main agent responsible for the oxidative depolymerization of cellulose, since a reduced number of cellulases (but a variety of hemicellulases) has been found in the brown-rot fungal genome (Martínez et al., 2009a) . At the same time it promotes partial demethylation of lignin, a reaction that has been proved using 13 C-TMAH thermochemolysis (Arantes et al., 2009) .
A very recent study (Vanden Wymelenberg et al., 2010) has shown that methanol oxidase is also overexpressed in the white-rot fungus P. chrysosporium. Demethylation is also a common side-reaction after one-electron oxidation of lignin units to their cation radicals by white-rot fungi and their ligninolytic peroxidases (Ander et al., 1992; Martínez et al., 2005) . These results suggest that several oxidases (such as glyoxal oxidase and methanol oxidase) are involved in H 2O2 production by P. chrysosporium using different lignocellulose-derived compounds as substrates. Most probably, the same happens in brown-rot fungi, since expression of aryl-alcohol oxidase (and other H2O2-S1 S4 S8 S10 S12 S14 MC12   12  14  16  18  20  22  24  26  28  30  32  10 Retention time (min) Fig. 3 . Py/TBAH of E. cordifolia wood after brown-rot fungal decay under environmental conditions. The structures of the main lignin demethylation product (MC12) and its counterpart in unmodified lignin (S12) are depicted, and those of other compounds are shown in Fig. S4 . Identification of peaks from demethylated lignin and their unmodified counterparts: S1, 1-butoxy-2,6-dimethoxybenzene; MC1, 1,2-dibutoxy-3-methoxybenzene; S4, 3,5-dimethoxy-4-butoxybenzaldehyde; S8, 3,5-dimethoxy-4-butoxyphenylacetone; S10, 1-(3,5-dimethoxy-4-butoxyphenyl)propan-1-one; MC4, 3,4-dibutoxy-5-methoxybenzaldehyde; S12, 3,5-dimethoxy-4-butoxybenzoic acid butyl ester; MC8, 3,4-dibutoxy-5-methoxyphenylacetone; MC10, 1-(3,4-dibutoxy-5-methoxyphenyl)-propan-1-one; S14, 3,5-dimethoxy-4-butoxy-benzenepropanoic acid butyl ester; MC12, 3,4-dibutoxy-5-methoxybenzoic acid butyl ester; and MC14, 3,4-dibutoxy-5-methoxybenzenepropanoic acid butyl ester. For Py/TBAH of the control wood, and identification of minor peaks, see Fig. S3 and Table S2. producing oxidases) has been found in P. placenta, in addition to the main methanol oxidase (Martínez et al., 2009a) . In this context, it is interesting to remark that H2O2 production is a common step in both white and brown-rot decay of wood by fungi: in the first case as the oxidizing substrate of ligninolytic peroxidases, and for hydroxyl radical generation in the second case.
Experimental procedures
Materials and general analyses
Samples of E. cordifolia (Chilean 'ulmo'; order Oxalidales, family Cunoniaceae) wood naturally degraded by white and brown-rot basidiomycetes were collected at two locations on Chiloe Island, in the Chilean rain forest . The samples include: (i) sound wood, (ii) extremely delignified wood by the white-rot fungus G. australe and (iii) wood decayed by an unidentified brown-rot basidiomycete. Sound and decayed wood samples were dried, milled in a Janke and Kunkel mill and passed through a 20-mesh sieve. In addition to their macroscopic aspect (such as colour and texture) and eventual presence of fruit bodies, microscopic examination using the selective safranin-Astra blue staining (Srebotnik and Messner, 1994) and chemical analyses including Klason lignin content, polysaccharide composition (neutral sugars by GC as alditol acetates, and uronic acids by the carbazole method), and other wood constituents (ashes, extractives and water-soluble material) were used to confirm and characterize the brown and white-rot decay patterns of the samples analysed.
2D-NMR
Roughly 100 mg of finely ball-milled wood was suspended in 0.75 ml of DMSO-d6 in the NMR tube and sonicated for 10 min in an ultrasonic bath (Ultrasons JS 3000513 from Selecta, with a frequency of 40 kHz and 150 W power consumption), until a homogeneous gel was formed. 2D-NMR spectra were recorded at 25°C on a Bruker AVANCE 500 MHz equipped with a z-gradient triple resonance probe. For the HSQC experiments, the spectral widths were 5000 Hz and 25 000 Hz for the 1 H-and 13 C-dimensions respectively. The number of collected complex points was 2048 for 1 H-dimension with a recycle delay of 5 s. The number of transients was 64, and 256 time increments were always recorded in 13 C-dimension. The 1 JCH used was 140 Hz. The J-coupling evolution delay was set to 3.2 ms. Squared cosine-bell apodization function was applied in both dimensions. Prior to Fourier transform, the data matrixes were zero filled up to 1024 points in the 13 C-dimension. The central DMSO peak (dC 39.5; dH 2.50) was used as chemical shift reference. HSQC cross-signals of lignin were assigned by comparing them with previously reported data (Ralph et al., 1999; Liitiä et al., 2003; Capanema et al., 2004; Ibarra et al., 2007a; 2007b; del Río et al., 2008; Martínez et al., 2008; Rencoret et al., 2008) . Some wood polysaccharide signals were also assigned (Yelle et al., 2008a; Rencoret et al., 2009; Kim and Ralph, 2010) .
A semiquantitative analysis of the intensities of the HSQC cross-signal intensities was performed (Heikkinen et al., 2003; Liitiä et al., 2003; Zhang and Gellerstedt, 2007) . First, cross-signal integration was performed separately for the different regions of the spectra, which contain chemically analogous carbon-proton pairs. In the aliphatic oxygenated region, the relative abundance of the different inter-unit linkages were estimated from Ca-Ha correlations, and the relative abundance of side-chains involved in the different interunit linkages were calculated. In the aromatic region, C2,6-H2,6 correlations from S units, C2-H2 plus C6-H6 correlations from G units, and C6-H6 correlations from MC units were used to estimate the G : S : MC ratio of lignin. Finally, the abundances of the different interunit linkages were referred to the number of aromatic units, to obtain a comparative estimation of their removal during fungal decay.
Py-GC/MS and Py/TBAH
Py-GC/MS of wood (approximately 1 mg) was performed with a 2020 micro-furnace pyrolyser (Frontier Laboratories) connected to an Agilent 6890 GC/MS system equipped with a DB-5MS (Agilent J&W) fused-silica capillary column (30 m ¥ 0.25 mm i.d., 0.25 mm film thickness) and an Agilent 5973 mass selective detector (EI at 70 eV). The pyrolysis was performed at 500°C. The oven temperature was programmed from 40°C (1 min) to 300°C at 6°C min -1 (10 min). Helium was used as carrier gas (1 ml min -1 ). For Py/TBAH, 1 mg of wood sample was mixed with approximately 5 ml of TBAH (25%, w/w, methanol solution) and the pyrolysis was carried out as described above. The compounds were identified by fragmentography and by comparing their mass spectra with those of the Wiley and NIST libraries and reported in the literature (Faix et al., 1990; Ralph and Hatfield, 1991; del Río et al., 1996) . Peak molar areas were calculated for the ligninderived products, the summed areas were normalized to 100, and the data for two repetitive analyses were averaged and expressed as percentages.
forest (Chiloe island, Chile). Wood after the selective and extensive removal of lignin (by G. australe) showed a soft fibrous texture and white colour being consumed by cattle as a natural feed (a); while the same wood after brown-rot decay (by an unidentified basidiomycete) exhibited a cubic appearance and reddish-brown colour (b). Light microscopy revealed selective lignin staining with safranin (d) while cellulose was stained with the Astra blue contrast dye (c). The bars (in c and d) correspond to 250 mm. Fig. S2 . Py-GC/MS of: (a) sound E. cordifolia wood; and (b) E. cordifolia wood degraded by a brown-rot fungus. The numbers refer to the lignin-derived compounds listed in Table S1 . Letters refer to the polysaccharide-derived compounds: a, 2-methylfuran; b, hydroxyacetaldehyde; c, (3H)-furan-2-one; d, (2H)-furan-3-one; e, furfural; f, 2-hydroxymethylfuran; g, 2-acetylfuran; h, 2-methyl-2-cyclopenten-1-one; i, (5H)-furan-2-one; j, 2,3-dihydro-5-methylfuran-2-one; k, 5-methylfurfural; l, 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one; m, 2-hydroxy-3-methyl-2-cyclopenten-1-one; n, 3-hydroxy-2-methyl-(4H)-pyran-4-one; o, 3,5-dihydroxy-2-methyl-(4H)-pyran-4-one; p, 5-hydroxymethyl-2-furfural; and q, levoglucosane. Fig. S3 . Py/TBAH of: (a) sound E. cordifolia wood; and (b) E. cordifolia wood degraded by a brown-rot fungus. The labels refer to the H-, G-, S-and MC-type lignin-derived compounds listed in Table S2 , whose structures are depicted in Fig. S4 . Fig. S4 . Structures of the p-hydroxyphenyl (H), guaiacyl (G), syringyl (S) and methoxycatechol (MC) lignin-derived compounds released after Py/TBAH of the sound and brownrotted E. cordifolia wood (Fig. S3) . Table S1 . Relative molar areas (%) of the compounds identified in the Py-GC/MS of the sound and brown-rotted E. cordifolia wood (Fig. S1) . Table S2 . Relative molar areas (%) of the p-hydroxyphenyl (H), guaiacyl (G), syringyl (S) and methoxycatechol (MC) type lignin-derived compounds identified after Py/TBAH of sound and brown-rotted E. cordifolia wood (Fig. S2 ).
Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article. Table  S1 . Letters refer to the polysaccharide-derived compounds: a, 2-methylfuran; b, hydroxyacetaldehyde; c, (3H)-furan-2-one; d, (2H)-furan-3-one; e, furfural; f, 2-hydroxymethylfuran; g, 2-acetylfuran; h, 2-methyl-2-cyclopenten-1-one; i, (5H)-furan-2-one; j, 2,3-dihydro-5-methylfuran-2-one; k, 5-methylfurfural; l, 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one; m, 2-hydroxy-3-methyl-2-cyclopenten-1-one; n, 3-hydroxy-2-methyl-(4H)-pyran-4-one; o, 3,5-dihydroxy-2-methyl-(4H)-pyran-4-one; p, 5-hydroxymethyl-2-furfural; and q, levoglucosane. Table S2 , whose structures are depicted in Fig. S4 . Fig. S4 . Structures of the p-hydroxyphenyl (H), guaiacyl (G), syringyl (S) and methoxycatechol (MC) lignin-derived compounds released after Py/TBAH of the sound and brownrotted E. cordifolia wood (Fig. S3) . Table S1 . Relative molar areas (%) of the compounds identified in the Py-GC/MS of the sound and brown-rotted E. cordifolia wood (Fig. S1 ). Table S2 . Relative molar areas (%) of the p-hydroxyphenyl (H), guaiacyl (G), syringyl (S) and methoxycatechol (MC) type lignin-derived compounds identified after Py/TBAH of sound and brown-rotted E. cordifolia wood (Fig. S2 ).
Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
Selective lignin and polysaccharide removal in natural fungal decay of wood as evidenced by in situ structural analyses S6   G12   S12   S13  G14  S14   G15   MC12   G1   G2  S1  G3   S2  G4  S3  G5 G6  G7   S4   S5   S7   S8 S9  S10   S6   G12   S12   S13 G14   S14   G15   MC12  MC1  MC2  MC3   MC4   MC7  MC8  MC10   S15   S15   12  14  16  18  20  22  24  26  28  30  32  10 Retention time (min) Table S1 . Relative molar areas (%) of the compounds identified in the Py-GC/MS of the 1 sound and brown-rotted E. cordifolia wood (Fig. S1) brown-rotted E. cordifolia wood (Fig. S2) . 3,5-Dimethoxy-4-hydroxybenzoic acid butyl ester 15.8 9.6 S7 3,5-Dimethoxy-4-butoxyacetophenone 3.6 4.2 S8 3,5-Dimethoxy-4-butoxyphenylacetone 1.7 1.5 S9 3,5-Dimethoxy-4-butoxybenzoic acid methyl ester 1.6 1.0 S10 1-(3,5-Dimethoxy-4-butoxyphenyl)propan-1-one 2.3 1.7 S11 3,5-Dimethoxy-4-butoxybenzenepropanol butyl ether 0.6 0.7 S12 3,5-Dimethoxy-4-butoxybenzoic acid butyl ester 17.6 22.0 S13 3,5-Dimethoxy-4-butoxybenzenemethanol butyl ether 0.4 0.7 S14 3,5-Dimethoxy-4-butoxybenzenepropanoic acid butyl ester 1.5 2.3 S15 1-(3,5-Dimethoxy-4-butoxyphenyl)-3-butoxyprop-2-en-1-one 0.2 0.6 MC1 1,2-Dibutoxy-3-methoxybenzene 0. (t) tentatively assigned.
